Electronic reconstruction at SrMnOa — LaMnOs superlattice interfaces 
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We use resonant soft x-ray scattering to study electronic reconstruction at the interface between 
the Mott insulator LaMnOa and the "band" insulator SrMnOa. Superlattices of these two insulators 
were shown previously to have both ferromagnetism and metallic tendencies [Koida et al, Phys. Rev. 
B 66, 144418 (2002)]. By studying a judiciously chosen superlattice reflection we show that the 
interface density of states exhibits a pronounced peak at the Fermi level, similar to that predicted 
by Okamoto et al. [Phys. Rev. B 70, 241104(R) (2004)]. The intensity of this peak correlates 
with the conductivity and magnetization, suggesting it is the driver of metallic behavior. Our study 
demonstrates a general strategy for using RSXS to probe the electronic properties of heterostructure 
interfaces. 
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The interface between two correlated electron systems 
may have properties that are qualitatively different from 
either of the two constituents, providing a potential route 
to new devices and physical properties. [l| An example 
is the interface between the Mott insulator LaTiOs 
(LTO) and the cf band insulator SrTiOg (STO), which 
experiments on superlattice heterostructures have sug- 
gested is metallic 0- Dynamical mean field theory 
(DMFT) studies of this interface have suggested that the 
metallic behavior is driven by interfacial electronic recon- 
struction, characterized by the appearance of a quasipar- 
ticle peak at the Fermi level in the density of states of 
the interface layer [3| ■ Efforts to find this peak with 
angle-integrated photoemission studies of LTO-STO su- 
perlattices observed a small Fermi surface crossing Q. 
However, a peak in the density of states clearly associ- 
ated with the buried interface has not yet been observed. 

Another example of a Mott insulator - band insulator 
interface is LaMnOa - SrMnOa. LaMnOs (LMO) is a 
Mott insulator with a ^ig'^g configuration while SrMnOs 
(SMO), which has a ^23^9 configuration, can be consid- 
ered a high-spin band insulator because its Cg shell is 
empty. Therefore, apart from the presence of the core 
t2g spins, LMO-SMO is analogous to the LTO-STO sys- 
tem. A recent DMFT calculation predicted that the 
LMO-SMO interface should be a ferromagnetic metal, 
governed by double-exchange hopping of the Cg elec- 
trons. Large period LMO-SMO heterostructures syn- 
thesized previously were shown to have both ferromag- 
netism and metallic tendencies , however it is not clear 
whether this derives from electronic reconstruction at the 
interfaces. 

In this Letter we present a study of LMO-SMO su- 
perlattices with resonant soft x-ray scattering (RSXS). 
By judiciously choosing the thicknesses of the LMO and 
SMO sublayers, we obtained a structure whose third or- 



der superlattice reflection is directly sensitive to the den- 
sity of states (DOS) of the interface Mn02 layer. We 
show that the DOS of the interface layer exhibits a pro- 
nounced quasiparticle resonance at Ep whose intensity 
correlates with the magnetization and conductivity of the 
overall structure. Our results confirm the predictions of 
Ref. 0,[i] and demonstrate a general strategy for using 
RSXS to study the electronic structure of heterostructure 
interfaces. 

Superlattices consisting of seven periods of (8 x LMO 
-I- 4 X SMO) and six periods of (10 x LMO -I- 5 x 
SMO) layers were grown on SrTiOs (STO) substrates 
by molecular beam epitaxy. The samples will be de- 
noted (LM0)2n/(SM0)n with n = 4 or n = 5 in the 
following. In order to avoid oxygen vacancies, which 
can cause anomalous metallic behavior through electron 
doping Q, the samples were both grown and post- 
annealed in flowing ozone. Large amplitude RHEED os- 
cillations indicated two-dimensional epitaxial growth and 
STEM images showed well-defined superlattice interfaces 
(Fig. [T}d) . The SMO and LMO overlayers in these struc- 
tures are under +2.8% and —2.1% strain, respectively, 
which likely alters the exact pattern of orbital and mag- 
netic order in the sublayers, but will not by itself induce 



metallic behavior [10|, [llj. X-ray reflectivity measure- 



ments showed clear interference fringes (Fig. [T^), indi- 
cating flat interfaces over macroscopic distances. 

RSXS measurements were carried out at the soft x-ray 
undulator beamline XIB at the National Synchrotron 
Light Source in a 10-axis UHV diffractometer [l^ . [isj . 
Measurements were done in specular geometry, i.e. with 
the momentum transfer perpendicular to the plane of the 
heterostructure. In this article momenta will be denoted 
in reciprocal units of the superlattice, i.e. Miller index L 
corresponds to a momentum Q = 2TrL/d, where d is the 
repeat period of the structure. The incident light was 
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FIG. 1: (a) Specular x-ray scattering from the n = 4 su- 
perlattice with non-resonant hard x-rays (black circles) , non- 
resonant soft x-rays (red circles), and soft x-rays tuned close 
to the Fermi energy (blue circles). Data are plotted on a lin- 
ear scale to emphasize height differences between the peaks, 
(b) (left) STEM image of the n = 4 structure and (right) a 
drawing showing the interface region with scattering factors 
defined for the various atomic planes. 



polarized in the scattering plane (tt polarization) with 
the channeltron detector integrating over both final po- 
larizations, i.e. both the n a and tt — > tt scattering 
channels. Bulk sensitive RSXS measurements were per- 
formed at the Mn L3^2 edges as well as the O K edge, 
which probes the 3d levels through hybridization, with 
the incident bandwidth set to 0.2 eV resolution. X-ray 
absorption (XAS) measurements were done in situ in to- 
tal electron yield (TEY) mode and probed the top layer 
of the sample surface. 

Prior to RSXS studies the superlattices were char- 
acterized with XAS, resistivity, magnetization, hard x- 
ray diffraction, and scanning transmission electron mi- 
croscopy (STEM). XAS probes only the near-surface re- 
gion which in the current case is the top LMO layer. The 
spectra (Figs. [3}d and [4^; note the location of the Fermi 
energy) closely resemble past studies of LMO powders 
[13] indicating good surface quality. The resistivity of 
both samples exhibits a crossover to metallic behavior 
below Tc ~ 225 K (Fig. Hi and Ref. fld\). At this 




sample 



FIG. 2: (a). Temperature dependence of the conductivity 
and magnetization of the n = 4 structure when cooled in 
50 G magnetic field, [l^ (b). Temperature dependence of the 
L — 3 reflection at O K and Mn L3 edges and L — 3 for the 
n = 4 sample. The inset shows temperature dependent scans 
at O K edge. Two quasiparticle peaks at the O K onset can 
be resolved. 



temperature ferromagnetism also appears, with an av- 
erage saturation magnetic moment at low temperatures 
of 1.75 /ie/Mn and 1.4 ^e/Mn for n = 4 and n = 5 
samples, respectively. This behavior is consistent with 
double-exchange ferromagnetism as observed in previous 
studies 0, [l^. Because both of the constituents LMO 
and SMO are insulating and antiferromagnetic (A type 
and G type respectively) it seems likely, though this has 
not been proven, that magnetism originates at the inter- 
faces. 

In Fig. [T] we show hard x-ray diffraction data for the 
n = A superlattice. Thickness oscillations are visible, as 
well as several superlattice reflections residing at integer 
values of the Miller index L. A key observation is that 
the L — 3 reflection is suppressed. This is expected by 
symmetry. For a superlattice with sublayer thicknesses m 
and n the structure factor will vanish for any reflection 
L — u + V where u/v is the fully reduced fraction of 
m/n. For the speciflc case of the n = 4 superlattice the 
structure factor for the L — 3 reflection is: 



S{L — 3) — 2fint - fhMO - fsMO, 



(1) 



3 



where /lmo and fsMO are the scattering factors of the 
Mn02 planes of the LMO and SMO layers, respectively, 
and fint is the scattering factor for the Mn02 plane at 
the interface (Fig.[T|) [l^. Notice that the form factors for 
the LaO and SrO layers do not enter this quantity. The 
L — 3 reflection is forbidden by symmetry as long as the 
interface Mn02 form factor is the average of the form 
factors of Mn02 planes of the LMO and SMO layers. 
The intensity of this reflection is therefore a measure of 
the degree to which the mirror symmetry of the interface 
is broken. That this reflection is observed to be weak 
in hard x-ray diffraction measurements is an indication 
that the interfaces are sharp, with the symmetric form 
of Eq.[T]not disrupted by interdiffusion or other interface 
reconstruction. 

Results of resonant scattering studies, which probe the 
unoccupied density of states, reveal something surprising 
(Fig. [T^) . If the photon energy is tuned above the O K 
threshold - to a nonresonant condition - an L scan reveals 
that the L = 3 is extinguished, in agreement with hard 
x-ray measurements. However if the energy is tuned at 
530.2 eV, near the Fermi onset, the L = 3 becomes visi- 
ble. Evidently the symmetry of the LMO-SMO interface, 
while preserved by the atomic lattice, is broken electron- 
ically near the Fermi energy. This is evidence that the 
interfaces are electronically reconstructed. 

Our primary observation is the energy dependence of 
the L = 3 reflection near the O K edge, shown in Fig. [3l 
This figure, which compares the intensity of the L = 3 
reflection to an XAS spectrum of the LMO top layer, 
shows which part of the unoccupied density of states is 
reconstructed. The L = 3 reflection has maximum inten- 
sity at the edge onset, where RSXS probes states at the 
Fermi level. In addition, several weaker peaks are visi- 
ble at 531.5 eV and 534 eV which coincide roughly with 
the Mn Cg^i and Cg^i bulk bands of LMO. We conclude 
that electronic reconstruction of the LMO-SMO interface 
occurs primarily near Ep although higher-energy states 
might also participate. 

We propose that the main resonance observed at 
529 eV corresponds to the presence of a quasiparticlc 
peak at Ep, as predicted for a Mott-band insulator in- 
terface '3]. A connection to the DMFT calculations for 
LTO-STO superlattices in Ref. 01 can be made by noting 
that, in the absence of non-resonant scattering and ex- 
citonic effects, Im[/i„t] is proportional to the interface 
spectral function Aint{z = Zint,z — Zinuoj). It was 
shown in Ref. 3 that Aint{z = Zi„t,z = Zi„t',^) has 
a strong peak at the Fermi energy Ep as we observe 
here. A quantitative comparison including the features 
at higher energy would require a microscopic model of 
the superlattice combined with Kramers-Kronig analysis 
of the data. The features at higher energy might arise 
from mixing of high-energy degrees of freedom including 
crystal field and Jahn- Teller effects, the Hubbard inter- 
action and the Hund's rule exchange interaction, which 
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FIG. 3: (a). Resonance profile at L = 3 and O K edge for the 
n = 4 sample. The strongest resonance is at the energy of the 
doped holes and i = 3. (b). Scattering at L = 3 and T — 
90 K (black), at L = 1 (blue) and L — 2 (green), compared 
to XAS data (red). The strong resonant enhancement before 
the O K edge is indicative of an electronic effect. The peaks 
at higher energy are ahgned with features in the absorption 
spectra, as assigned in Ref. [T^ . The peaks at 529 eV are 
interface states split-ofi' from bulk bands. 



require microscopic modeling beyond the scope of this 
article. 

The connection between the L = 3 resonance at Ep 
and metallic behavior is also supported by its tempera- 
ture dependence, shown in Fig.[2l3. As the temperature is 
lowered the intensity of the Ep resonance rises, the inflec- 
tion point coinciding with the peak in the resistivity and 
the onset of an in-plane magnetic moment (Fig. [5^). 
This is evidence that the resonance is closely related to 
metallic behavior and that the magnetism and metallic 
conduction both arise from reconstruction of interfaces 
as considered by Okamoto et al. 0, |3l ■ Interestingly, the 
Ep peak also appears to be composed of two features 
separated by 0.75 eV with both peaks following a similar 
temperature dependence. 

In order to study the magnetism of the superlattice, we 
also measured the L = 3 reflection at the Mn L3_2 edges. 
Previous RSXS studies [U [H [HHO, EH of manganite 
systems have shown that both orbital and magnetic or- 
der can contribute to scattering at these edges. In our 
structures, in addition to magnetic order, one expects 
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FIG. 4: (a). Energy profiles near Mn L3,2 edges at L = 3 
for two temperatures (red and green) and sample absorption 
measured by electron yield (black). In contrast to the L3 
edge, the L2 edge resonance profile is strongly affected by the 
core hole, (b) L — 3 scattering at 645 eV for a few differ- 
ent azimuthal orientations. The inset shows the measured 
azimuthal dependence and a fit curve. 



an interesting participation of the Cg orbital degree of 
freedom. In the SMO layer, which is under 2.8% ten- 
sile strain, the d^2_y2 orbital should be lower in energy 
than the d3z^_j.2 orbital (z is along the c-axis). In LMO, 
which is under 2.1% compressive strain, the situation is 
reversed, which favors an occupied d^z^_r2 orbital. One 
therefore expects the total structure to have a modula- 
tion in the orbital degree of freedom with the period of 
the superlattice. This is in addition to the Jahn- Teller 
effect that may still play a role in the LMO part of the su- 
perlattice despite the presence of strain. [lO|, Separat- 
ing charge, orbital and magnetic scattering at the Mn L 
edge through line shape analysis can be a cumbersome 
task. However, this can be done using the azimuthal de- 
pendence of the scattering. The magnetic scattering is 



proportional to (e^- x • S, where ei and if are the in- 
cident and final polarizations, respectively, and S is the 
local spin. For our experimental geometry this simplifies 
to: 



1 oc cos (0) sin2(Vj) + sin2(26') cos2(V'), 



(2) 



dependent of ip because strain does not break the tetrago- 
nal symmetry of the unit cell. Therefore, to make a rough 
estimate of the relative size of orbital and magnetic scat- 
tering, the L — 3 reflection was measured at a few values 
of the azimuthal angle -ip (Fig- HI)- Good agreement is ob- 
tained between our measurements at four ip angles and 
Eq. [2] (Fig. [4Jd, inset) with a magnetic moment at ~ 50° 
between the a and b axes and a constant offset equal 
to the off-resonance background. This suggests that the 
scattering is primarily magnetic in the present case. 

Finally we discuss the temperature dependence at the 
Mn L edge (Fig. [^b), which agrees well with that ob- 
served at the O K edge. This again suggests that the 
Ep resonance and the interfacial superlattice magnetiza- 
tion are interrelated. The overall picture that emerges 
is that, as the temperature is lowered, ferromagnetism 
nucleates at interfaces increasing the metallic behavior 
and the spectral weight at Ep- The interfaces exhibit 
the same connection between charge carrier itineracy and 
magnetic order familiar from bulk colossal magnetoresis- 
tance materials. 

In conclusion, we have used RSXS to investigate super- 
lattices of the Mott insulator LaMnOs and the "band" 
insulator SrMnOs. By choosing a specific combination of 
superlattice reflection and layer periods we were able to 
isolate the electronic properties of the interface. We show 
that the interface density of states exhibits a pronounced 
peak at Ep as shown in the calculations of Okamoto et 
al. suggesting that ferromagnetism and metallic behav- 
ior in this system arise from electronic reconstruction of 
the interfaces. Our study demonstrates a general strat- 
egy for using RSXS to probe the electronic properties of 
interfaces. 
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where 9 is the angle of incidence on the sample. In con- 
trast, the strain-induced orbital scattering should be in- 
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